Objective: Thyroid hormones (THs) are crucial for the correct maturation of the CNS and the neurodevelopment of the child. We aimed to investigate the association of TSH and free thyroxine (FT 4 ) levels with cognitive functioning in children from the INMA-Granada cohort studied during their follow-up at the age of 9-11 years. Design: We evaluated 300 children from the original cohort, which comprised 668 eligible mother-son pairs recruited at birth from 2000 to 2002 in Granada (Spain). Methods: FT 4 and TSH concentrations were measured, and cognitive development was assessed using neuropsychological tests (nZ187). Children with chronic disease related to thyroid function and/or cognitive development were excluded. Results: Median TSH and FT 4 levels were 3.1 mIU/ml and 1.2 ng/dl respectively. In multivariable regression analyses adjusted for maternal and child characteristics, children with TSH levels in the top tertile had worse verbal comprehension and immediate and long-term recall. Children with FT 4 levels in the top tertile had better attention and lower impulsivity and were at a lower risk of scoring below the 20th percentile in intelligence quotient (ORZ0.24; 95% CIZ0.08-0.74; PZ0.013) and in abstract reasoning ability (ORZ0.28; 95% CIZ0.09-0.88; PZ0.029). Conclusion: Our findings indicate that circulating THs and TSH may in the top tertile have an impact on cognitive functions; thus, higher TSH slightly but significantly increased the risk of a lower score in certain neuropsychological tests.
Introduction
Thyroid hormones (THs) mediate the normal development of the brain, regulating neuronal cytoarchitecture and growth (1) , myelinogenesis (2) , synapse formation, and the production of neurotransmitter systems. These processes are highly sensitive to TH deficiency, and the damage caused by TH deprivation can be irreversible (2) . The extent of damage depends on the magnitude and duration of the deficiency and the development period in which it occurs (3) . The consequences of severe pathways, affecting memory, attention, and language functions (4, 11) .
Few studies have addressed the association between mild-to-moderate alterations of thyroid function in children and their subsequent neuropsychological functioning (6, 10) , and there are almost no studies investigating the neurodevelopment of healthy children with TH or thyrotropin (TSH) levels that only slightly differ from the 'normal' range, except for two studies from the Spanish Environment and Childhood 'Infancia y Medio Ambiente (Childhood and Environment) (INMA)' mother-child cohort study (4, 8) .
Our working hypothesis was that neurodevelopment is an ongoing process of acquiring skills and capabilities that are not consolidated until the age of 18 years (12) , and that each period during childhood is associated with the development of specific abilities. The aim of this study was to investigate the association of TSH and free thyroxine (FT 4 ) levels with cognitive function in children from the INMA-Granada cohort at their follow-up at 9-11 years of age.
Materials and methods

Study population
The INMA Project is a multicentre Spanish populationbased study of a mother-child cohort designed to assess the effect of prenatal environmental exposure and diet on growth, development, and health from early fetal life until adolescence (13) . From 2000 to 2002, 668 eligible motherson pairs registered at the San Cecilio University Hospital were enrolled after delivery, establishing the INMAGranada cohort, which also served to assess the prevalence of urogenital malformations (cryptorchidism and hypospadias). The inclusion and exclusion criteria were published previously (14) . The follow-up of the children at the age of 9-11 years (during the period of 2010-2012) included interviews with the parents, assessment of the growth and neuropsychological status of the children, and biological sample collections (blood and urine). All families in the INMA-Granada cohort were contacted and invited to participate. This study was approved by the Ethics Committee of San Cecilio University Hospital and signed informed consent was obtained from the participants' families.
Neuropsychological measures
Evaluation of neurodevelopment was assessed using a comprehensive neuropsychological battery of tests at the Monitoring and Early Stimulation Unit of the hospital by a neuropsychologist trained to administer the tests and interpret scores for specific neuropsychological domains. i) General cognitive intelligence: assessed with the Kaufman Brief Intelligence Test (K-BIT) (15) , in which the composite IQ is based on verbal and nonverbal scale scores. ii) Language: evaluated with the verbal scale of the K-BIT (15) , which includes two subtests: i) verbal knowledge, which measures receptive vocabulary with a task in which the child names graphically displayed objects and ii) general knowledge, and riddles, which measures expressive reasoning with a task in which children must deduce words based on a definition of the word and some of the letters it contains. iii) Attention: assessed with the continuous performance test (CPT) (16) , which measures sustained and selective attention and impulsivity with a task in which the child responds by pressing any key on the keyboard, as quickly as possible, each time the letter 'A' appears in yellow ('go' condition). The main dependent variables are: hits (press any key in 'go' condition), commission errors (press any key in 'no go' condition), omission errors (no key pressed in 'go' condition), and attention index. iv) Verbal memory: evaluated with the ComplutenseSpain Madrid verbal learning test (TAVECI) (17) , which assesses different memory and learning processes, including immediate recall, short-and longterm recall, and recognition. The test involves the examiner reading a list of 15 words five times, with the child stating the words recalled after each time and then after intervals of 10 and 20 min. v) Visual-motor coordination: assessed using part A of the trail making test (TMT) (18) . The task involves connecting consecutive numbers in an alternating sequence as quickly as possible. The main dependent variable is time (s). vi) Processing speed: measured by the sum of the results of two subtests (symbol search and coding) from the Wechsler Intelligence Scales for Children-Quarter Edition (WISC-IV) (19) . The first task is to identify, as quickly as possible, whether or not figures are included in a series of figures. In the second task, the child fills in spaces under numbers with corresponding symbols following an established model. Both tasks must be completed within a maximum of 2 min. vii) Executive function: divided into four components: updating, inhibition, shifting, and abstract reasoning (20) .
i) Updating measurements: with two components: a) Working memory: assessed using the letternumber sequencing subtest from the WISC-IV (Spanish version), in which the child listens to and then repeats a mixed set of numbers and letters, first saying the numbers in order from the lowest to the highest and then the letters in alphabetic order (19) (22) , which measures cognition inhibition with a procedure in which the child is asked to name colored words (condition 1), read color-words printed in black ink (condition 2), and name the color of the words, which are printed in colors that conflict with their meaning, e.g. the word 'blue' appears in red ink (condition 3, inhibition). The dependent variable was the interference score, calculated from the results for the three conditions using a specific formula and b) the go/no-go task (23) , which measures motor inhibition with a task in which the child responds to certain stimuli presented on the computer screen while inhibiting the response to distracter stimuli, with hit and falsealarm rates being the main dependent variables. iii) Shifting: measured by part B of the TMT (18 
Thyroid function
Thyroid function was assessed by measuring the concentration of TSH and FT 4 in serum samples by chemiluminescence assay (Eclecsys System, Roche Diagnostics). The limit of detection (LD) was 0.005 mIU/ml for TSH and 0.023 ng/dl for FT 4 . The reference range criteria proposed for children (6-11 years) 
Covariates
Information on parental socio-demographic characteristics, smoking during pregnancy, breastfeeding, and children's age, weight, and height at 9-11 years was gathered at the follow-up visit. The children's place of residence was classified as urban (city of Granada, 236 000 inhabitants), sub-urban (towns of O20 000 inhabitants in city residential belt), or rural (!20 000 inhabitants). We estimated the general cognitive ability of parents by assessing their verbal reasoning ability using the Similarities subtest of the Weschler Adult Intelligence-Third Edition (WAIS-III) (24) . Three hundred families (44.9% participation rate) gave their written informed consent for this follow-up. Out of these 300 children, 18 were excluded because of the presence of chronic disease related to thyroid function and/or cognitive development, including diabetes (nZ1), hyperthyroidism (nZ1), attention deficit hyperactivity disorder (ADHD) (nZ7), language disorder (nZ1), Asperger syndrome (nZ2), Noonan syndrome (nZ1), Tourette syndrome with ADHD (nZ1), Charcot-Marie-Tooth syndrome with ADHD (nZ1), cerebral palsy (nZ1), Spina Bifida (nZ1), and brain tumor surgery (nZ1). Only 187 of the 300 families (62.3%) agreed to the drawing of a blood sample from their child. Finally, data on thyroid hormone concentrations, neuropsychological tests, and covariates were available for 176 out of 300 (58.7%) subjects.
Statistical analysis
We performed a descriptive analysis of the characteristics of children and their parents. The relationship between quantitative variables was studied using the Spearman's correlation test, and the association between quantitative and categorical variables using the Mann-Whitney U test. The Kruskal-Wallis test, followed by Dunn's post hoc test, was also performed. The relationship between groups of categorical variables was explored using the c 2 test.
The association of FT 4 and TSH hormone levels with neuropsychological test scores was studied using linear and logistic regression models. TSH and FT 4 levels were categorized in tertiles.
Neuropsychological test results were analyzed as continuous variables based on the raw scores, because standardized scores for the Spanish child population were not available for all tests. In addition, logistic regression models were constructed to estimate the risk of obtaining scores above the 80th percentile (test: TMTA and TMTB) or below the 20th percentile (other tests) as a function of hormone levels. These percentiles were selected to enhance the detection of low or subclinical performance, as proposed by Jacobson & Jacobson (25) .
In the linear and logistic regression models, we calculated unadjusted and adjusted coefficients. Linear regression models included child's age (years), BMI (kg/m 2 ), the mother's education (higher education/ secondary/up to primary), and smoking during pregnancy.
The logistic regression models included child's age and smoking during pregnancy. The potential influence of boys with TSH and FT 4 levels outside the reference ranges (nZ23, 13%) was assessed by performing a sensitivity analysis in which these children were excluded from the multivariable models.
The significance level was set at P%0.05, following the recommendations of Rothman (26) for the evaluation of exposure-outcome relationships in the public health setting. They argue that application of the Bonferroni's correction in multiple comparisons increases the risk of missing new relationships of potential interest whose importance can be tested more reliably by replication. Data analyses were performed using SPSS v20.0 (IBM) and R statistical computing environment v3.0.0 (http://www.r-project.org/). Tables 1 and 2 show the characteristics of the study population. At the follow-up, the median age of children was 9.7 years and their median BMI was 18.0 kg/m 2 , the median age was 40 years for mothers and 42 years for fathers, 22% of mothers and 19% of fathers had higher education, 18% of participating families lived in urban areas, 21% of mothers reported smoking during pregnancy, and 83% had breastfed the children. Median serum TSH and FT 4 levels in the children were 3.1 mIU/ml and 1.2 ng/dl respectively. A negative correlation was observed between TSH and FT 4 levels, although statistical significance was not reached (r s ZK0.113, PZ0.163). The FT 4 
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www.eje-online.org value was above the upper limit of the reference range (1.67 ng/dl) in one child. The TSH value was above the upper reference range limit (4.84 mIU/ml) in 20 children (20/176, 11%), and the highest value was 8.60 mIU/ml in one child and the TSH value was below the lower limit of the reference range (0.60 mIU/ml) in two children (2/176, 1.1%). None of these children had a diagnosis of thyroid disorder, despite having thyroid hormone levels outside the reference range.
No differences were found in the majority of cognitive functions and paternal characteristics between the children with and without hormone measurements (176 vs 124 subjects). However, differences were found in: short- and semi-urban (64.8% vs 45.1% respectively, PZ0.001)). As reported above, TSH or FT 4 levels were outside reference range limits in 23 children (13%).
Bivariate analyses showed that TSH concentrations were 0.78 mIU/ml higher in children whose mothers smoked during pregnancy than in children of those who did not (95% CIZ0.22, 1.33; PZ0.006) and that FT 4 concentrations were higher in children of mothers with higher cognitive ability, with an increase of 0.007 ng/dl for each additional point on the mother's intelligence test score (95% CIZ0.001, 0.014; PZ0.026). Remaining parent and child variables were not significantly associated with TSH or FT 4 parameters. 
Clinical
In the model that included all of the boys, the population was categorized in tertiles of TSH levels (1st (0.05-2.53 mIU/ml); 2nd (2.54-3.77 mIU/ml); and 3rd (3.78-8.60 mIU/ml)) and FT 4 levels (1st (1.00-1.21 ng/dl); 2nd (1.22-1.32 ng/dl); and 3rd (1.33-2.84 ng/dl)), taking the 2nd tertile as a reference in all cases, and the association between TSH levels and cognitive development was investigated (Supplementary Table 3 , see section on supplementary data given at the end of this article). This relationship was examined by constructing multivariable linear regression models (Table 4) . Unadjusted analysis showed negative associations between 3rd tertile of TSH levels and neuropsychological test scores in comparison with reference values (2nd tertile), which were statistically significant for immediate verbal recall (PZ0.04). Negative associations were also found between 1st tertile of TSH levels and neuropsychological test scores in comparison with reference values (2nd tertile), and the association was statistically significant for long-term verbal recall (PZ0.04) (Fig. 1) . In the adjusted multivariable model, these associations remained significant and, additionally, the 3rd tertile of TSH levels was found to be significantly associated with long-term verbal recall TSH tertiles (µlU/ml) TSH tertiles (µlU/ml) T1 T2 T3
TSH tertiles (µlU/ml)
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Figure 1
Association of TSH hormone levels with cognitive function using the long-term recall (raw score), verbal comprehension (raw score), and IQ (typical score). Tables 1 and 2 , see section on supplementary data given at the end of this article). The longterm verbal recall ability was not significant for the third tertile in the smaller sample (nZ153) for the adjusted model (Supplementary Table 2 ). We also explored the association between TSH levels and cognitive development by multivariable logistic regression analysis, but obtained no significant results (data not shown).
The relationship between FT 4 levels and cognitive development was investigated (Supplementary Table 4 , see section on supplementary data given at the end of this article). This association was examined using multivariable linear regression models (Table 5 ). Unadjusted analysis indicated that the IQ score, verbal expression/ comprehension, attention index, and verbal fluency abilities were positively and significantly associated with the 3rd tertile of FT 4 in comparison with the reference 2nd tertile, being a negative association for impulsivity ability (Fig. 2 ). When the model was adjusted for child age and BMI, maternal educational level, and smoking during pregnancy, the associations with impulsivity and attention index remained statistically significant (Table 5) . No relevant changes in the regression coefficients were found when the multivariable analyses were repeated excluding the boys with FT 4 values outside the reference range (data not shown).
Multivariable logistic regression models for FT 4 levels and cognitive development revealed that children with FT 4 levels in the 3rd tertile had a lower risk of a score !P20 in the verbal expression and comprehension test (ORZ 0.36; 95% CIZ0.14, 0.94; PZ0.038), and children with FT 4 levels in the 3rd tertile had a lower risk of a score OP80 in the motor inhibition test (ORZ0.32; 95% CIZ0.11, 0.92; PZ0.036) vs those with levels in the 2nd tertile. After adjusting for child age and smoking during pregnancy, children with FT 4 levels in the 3rd tertile had a lower risk of a score !P20 in IQ (ORZ0.24; 95% CIZ0.08, 0.74; PZ0.013) and in the abstract reasoning ability (ORZ0.28; Table 5 Association between FT 4 levels (ng/dl) and cognitive development in children from INMA-Granada cohort (nZ176). 
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Discussion
The present results in a group of healthy 10-year-old boys indicate that small deviations of TSH and FT 4 levels from the accepted normal reference ranges may play a role in the modulation of cognitive functions. Thus, TSH levels around the upper reference range limit were negatively associated with verbal comprehension and immediate and long-term recall, while FT 4 levels around the upper limit were positively associated with attention and negatively associated with impulsivity. In addition, boys with FT 4 levels in the upper tertile had a lower risk of poor IQ scores and poor abstract reasoning ability in comparison with children with FT 4 levels in the 2nd tertile. The differences in cognitive abilities between TSH and FT 4 tertiles, although statistically significant, were small, which was expected given the non-pathological status of our study population in relation to both thyroid and cognitive functions. However, our aim was to establish the ranges of hormone (TSH and FT 4 ) values associated with an increase in the risk of having fewer scores in the neuropsychological test and to identify the specific capacities affected for a closer follow-up of these boys. Moreover, we were able to identify children who tended to show lower scores in cognitive abilities and distinguish between 'normal' and 'low or subclinical' responses (25) .
TH is known to be important in neurodevelopment, especially during periods in which the CNS is developing and maturing (2, 27, 28) . Our findings indicate that there may be a relatively narrow interval of optimal TH concentrations that should be identified in different populations in order to develop strategies for preventing associated adverse health effects, especially those related to neurofunctioning. It appears that the 'normal' reference ranges for TH levels may not be adequate to detect children at risk of low cognitive development.
Many authors have claimed that TH reference ranges are not the right tools to establish euthyroidism or dysthyroidism in individuals, indicating that each individual may have a unique set point for hypothalamicpituitary-thyroid axis function (29) . Furthermore, the traditional methodology for determining TSH reference limits does not reflect possible differences in TSH distribution among groups according to environmental influences or their ethnic/genetic composition (30) . In fact, the reference range of TSH concentrations is controversial, especially in relation to therapeutic decision making (31) , with some authors recommending a reduction in the upper limit to 2.5 mIU/ml (32, 33, 34) and others associating serum levels of 5-10 mIU/ml with an increased risk of progression to overt hypothyroidism (35) .
Our observations are consistent with previous results in the same mother-child cohort (INMA-Granada). For instance, a cross-sectional study nested in the same cohort showed lower general cognitive and quantitative capacities and executive function in 4-year-old boys with higher neonatal TSH levels (4.19-17.0 mIU/ml) (8) . In addition, 4-year-old boys and girls in the INMA cohort with neonatal TSH concentrations in the range of 2.43-5.01 mIU/ml evidenced impaired memory and verbal skills and higher attention deficit and hyperactivity/ impulsivity symptoms in comparison with those with lower TSH concentrations (4). In the same study, children with higher FT 4 levels had a decreased risk of poor attention scores, in agreement with the present observations (4) .
Very few studies have investigated the association between THs and neuropsychological functioning in healthy pre-pubertal children from the general population, and most of them have focused on the consequences of maternal thyroid dysfunction (1, 2, 7, 27, 28 
Figure 2
Association of FT 4 hormone levels (in tertiles) with cognitive function using the impulsivity (raw score), attention index (raw score), verbal expression and comprehension (raw score), and IQ (typical score). A higher score indicates better cognitive function, except for impulsivity variable, in which higher score indicates worse cognitive function.
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Clinical Study R Pé rez-Lobato and others Thyroid status and cognitive functioning 172:2with overt thyroid diseases or in high-risk environments, including children with congenital hypothyroidism (6), neurological disorders, or thyroid hormone resistance syndrome or those living in iodine-deficient areas (2, 4, 8) . Numerous environmental agents can produce marginal reductions of circulating THs. Although it is well documented that severe developmental hypothyroidism is profoundly detrimental to neurodevelopment, less information is available on the effects of modest TH deficits or on the impact of low-level TH disruptions induced by environmental contaminants, including endocrine-disrupting chemicals (EDCs) (36) . There is increasing epidemiological evidence on the influence of environmental exposure to low doses of EDCs in some human diseases and disabilities (36, 37) .
Our research group has previously reported that the functioning of TSH and FT 4 may be affected by factors such as exposure to EDCs (38) , and our results may indicate a non-monotonic response between these hormones and cognitive functions. Thus, poor child cognitive function was significantly associated with higher TSH levels but not with intermediate levels, following an inverse U-shaped curve. The relationship between higher FT 4 levels and better neuropsychological scores showed a similar but inverted pattern. This U-shaped dose-response curve has also been observed for the relationship between iodine intake and thyroid disorders (39) , finding an increased risk of thyroid disease in individuals with iodine intake below or above the recommended range. Non-monotonic responses and low-dose effects are remarkably common in studies of natural hormones and some EDCs (37) .
The neurodevelopment of children has been associated with maternal higher education (40) , the duration of breastfeeding, and various maternal lifestyle factors during pregnancy, including their diet (especially fish intake) and tobacco habit (41, 42) . Thus, smoking during pregnancy has been related to changes in maternal and fetal thyroid function (43) and to reduced iodine concentrations in breast milk (44) . In this study, TSH concentrations were higher in the offspring of mothers who smoked during pregnancy than in the children of non-smoking mothers (PZ0.006).
Obesity is another important factor associated with the neurodevelopment of children (45) , and TSH levels are consistently found to be higher in obese children than normal-weight children (46) . However, no significant relationship was found between TSH levels and BMI in this study (r s Z0.123, PZ0.105). One recent review has reported that 10-23% of obese children have moderately elevated TSH levels (range of 4-10 mIU/ml) and normal or slightly elevated FT 4 levels. The fact that weight loss is associated with the normalization of TSH may suggest that hyperthyrotropinemia is a consequence rather than a cause of obesity (46) .
Our study has several limitations. The subtle effects on cognitive abilities observed may have been mediated by other socio-cultural, economic, or genetic variables that were not controlled in this study, e.g. birth weight, dietary intake of iodine, or exposure to environmental contaminants. In addition, no data were available on other hormone biomarkers such as tri-iodothyronine (T 3 ), antithyroid peroxidase antibodies, and/or thyroglobulin antibody, and our population only included boys. Finally, the cross-sectional design of the study prevented evaluation of the variability of hormonal values over time, which is an important issue (32) .
The strengths of our study include its novelty, given the absence of published research on these relationships in healthy children. Moreover, the sample size was relatively large, the children were followed over a 10-year interval, and data were available for multiple covariates since their birth. Finally, it contributes the results of a comprehensive neuropsychological test battery at the age of 9-11 years, a time window that allows a wide range of cognitive functions to be examined with sensitive and specific tests.
In summary, this study revealed that scores for some cognitive functions in healthy 10-year-old boys were reduced in those with higher TSH levels, and scores for some other cognitive functions were increased in those with higher FT 4 levels. These findings suggest that circulating TH values at the limit of reference ranges may have an impact on cognitive functions, slightly but significantly increasing the risk of a lower score in certain neuropsychological tests. It is also important to determine whether these effects on cognitive functions persist over the longer term and have an adverse impact on educational performance.
